We are developing a highly miniaturized trapped ion clock to probe the 12.6 GHz hyperfine transition in the 171 Yb + ion. The clock development is being funded by the Integrated Micro Primary Atomic Clock Technology (IMPACT) program from DARPA where the stated goals are to develop a clock that consumes 50 mW of power, has a size of 5 cm 3 , and has a long-term frequency stability of 10 -14 at one month. One of the significant challenges will be to develop miniature single-frequency lasers at 369 nm and 935 nm and the optical systems to deliver light to the ions and to collect ion fluorescence on a detector.
INTRODUCTION
Precision timing is essential to many aspects of modern technology. It is of particular importance in communication and navigation systems. For example, the global positioning system (GPS) relies on an accurate timing reference located on each GPS satellite to provide the GPS signal. In systems where good long-term stability of the timing reference or clock is required (as is required in GPS systems), atomic clocks are used. In an atomic clock, the frequency of the clock signal is stabilized to a transition between two electronic energy levels in an atom or ion. 1 The long-term stability and accuracy of atomic clocks is due to the high degree of isolation of the atoms or ions from the surrounding environment. Typically, the atoms are contained in some type of vacuum package, and the larger the vacuum package, the better the isolation and the longer atom interrogation time leading to better clock performance. However, many systems are limited in the amount of size, weight, and power that can be allotted to a timing reference but would benefit greatly from the performance available from an atomic clock. Significant work to miniaturize atomic clocks was done in the highly successful chip scale atomic clock (CSAC) program (funded by DARPA), but the stability of the CSAC at long time scales was not ideal. 2, 3 The goal of the IMPACT project is to reduce the size, weight, and power by several orders of magnitude over commercially available atomic clocks while maintaining the long-term performance of the larger devices.
To achieve the long-term stability goal of 10 -14 at one month, while shrinking down to the size and power consumption goals of 5 cm 3 and 50 mW, a technology that can maintain excellent environmental isolation for the atomic species even in a small size is required. A trapped ion atomic clock 4, 5 is an excellent candidate for such miniaturization, and our micro ion frequency standard is based on this technology. The electronic transition of the ions to which the frequency of the clock is stabilized experiences negligibly little frequency shift or broadening upon miniaturization. With miniaturization the number of ions is reduced proportionally to the volume of the ion trap. However, bench-top scale ion clocks such as those developed at the Jet Propulsion Laboratory 6 have a stability that is nearly two orders magnitude better than our target so that with the reduced signal due to the smaller number of ions, the stability goal is still achievable.
At the heart of the micro ion frequency standard is the ion trap vacuum package, but to make a fully functional atomic clock several other systems need to be miniaturized and integrated. These include two single frequency lasers, a single photon counting detector and fluorescence collection system, a microwave frequency source or local oscillator, and power and control electronics. In this paper we describe the function of the micro ion frequency standard and progress in development of these miniaturized systems, focusing mainly on the vacuum package and laser and optical systems.
THE 171 YB + TRAPPED ION CLOCK
We are developing an atomic clock based on the 12.6 GHz hyperfine transition in the ytterbium-171 ion (Figure 1(a) ). 4, 7, 8 In this passive atomic clock, a local oscillator (LO) generates 12.6 GHz, which is used to drive the hyperfine transition in the 171 Yb ion. A frequency locked loop to steer the LO frequency to the hyperfine transition (Figure 1(b) ) is formed by determining how many ions underwent the hyperfine transition and using this information to generate a feedback signal. The frequency lock loop is performed in a stepwise fashion. The atoms are prepared in the S 1/2 ground state in the F = 0, m F = 0 hyperfine sublevel (Figure 1(a) ). Then, the microwaves from the LO are pulsed on to drive a π-pulse transferring all of the ions to the F = 1, m F = 0 sublevel if the LO frequency is on resonance. To determine how many ions made the transition, 369 nm and 935 nm light fields illuminate the ions. The 369 nm light field drives a transition from the S 1/2 F = 1 ground state to the P 1/2 F' = 0 excited state. Selection rules allow the excited state to decay only back to the S 1/2 F = 1 ground state (not the S 1/2 F = 0) so the ion scatters many photons, and this fluorescence is collected on a photon counting detector to determine how many ions made the microwave hyperfine transition. However, the ion can also decay from the P 1/2 state to the D 3/2 state with a branching ratio of 250:1, and the lifetime of the D 3/2 state is 53 ms. 9 The long lifetime of this state requires the use of a 935 nm laser to move ions back to the ground state. The detector signal is conditioned in the loop control electronics to generate a control signal to lock the frequency of the LO to the ion hyperfine transition. The state detection process also serves to optically pump the ions back to the S 1/2 F = 0 state so the clock cycle can begin anew. In developing a clock with excellent long-term stability, it is important to perform the frequency locked loop in a stepwise fashion so that the atoms can be interrogated "in the dark" because the resonant 369-nm light can shift the frequency of the 12.6 GHz microwave transition. If the microwave interrogation is performed simultaneously with the state detection and read out, as is done in some atomic clocks, the hyperfine splitting would depend on the exact frequency and power of the 369-nm laser. Figure 2 shows the variety of technologies that need to be integrated to make a functional micro ion frequency standard. Central to the device is the miniature vacuum package. The vacuum package requires electrical and optical feed-throughs and must contain the ion trap, a Yb source, a getter pump, and perhaps integrated mirrors. The Yb source will be constructed from a micromachined silicon hotplate that has Yb deposited onto its surface. The hotplate is oriented toward the ion trap, and upon heating of the hotplate to 350 to 450 °C, the Yb evaporates toward the ion trap. Our current vacuum packages do not utilize this Yb source, but ultimate miniaturization relies on the silicon hotplate. The getter pump maintains the required vacuum inside the package, which is 10 -6 Torr of a He buffer gas (which the getter does not pump) with the partial pressures of other gases more than an order of magnitude lower. The buffer gas provides a cooling mechanism for the trapped ions. The ion trap is an integral part of the vacuum package, minimizing the overall size of the package, and we describe this in the next section.
The optical requirements of the trapped ion clock make miniaturization and integration of the physics package challenging. Both the 369 nm and 935 nm lasers need to be single frequency with a linewidth of < 100 MHz. The power requirement for the 369 nm laser is 20 μW, while the 0.5 mW available from the 935 nm source is sufficient. The light from the two lasers is combined and illuminates the ions along the long axis of the cigar shaped ion cloud. The beams need to be well overlapped with respect to each other and the ion cloud, which is a fraction of a millimeter in diameter. The ion fluorescence is directed to a photon counting detector. The collection lens is currently a commercially available optic, but ideally in the final package this would be a custom diffractive optical element to maximize the collected fluorescence. The largest signal is from the ion fluorescence at 369 nm, but at this wavelength there will be significant scattered light that must be controlled. Precise alignment and control of scattered light must all be achieved in a 3 cm 3 physics package.
ION TRAP VACUUM PACKAGE
As a first step toward miniaturizing the ion trap vacuum package to a final size goal of approximately 1 cm 3 , we have designed a vacuum package with a volume of 10 cm 3 . The vacuum package is constructed from titanium ( Figure 3) . It incorporates the ion trap, a passive getter pump, and a Yb source. The getter is commercially purchased and is heat activated by passing a current through it. The Yb source is hand made by wrapping tungsten wire around an alumina tube. One end of the tube is sealed with a ceramic cement and Yb metal is placed inside. A nesting alumina tube is placed in the opposite end trapping the Yb inside. After the package is populated with the Yb oven and the getter, a lid is welded on. The lid has a 1 cm diameter sapphire window through which the ion fluorescence is collected. The foil shield on the Yb oven (Figure 3(b) ) prevents the emitted Yb from depositing on the fluorescence collection window. The package is pumped out through a copper pinch-off tube that can be pinched off and sealed after the package is deemed operational. The ion trap is formed using a custom electrical feed-through assembly that is welded directly into the walls of the package. Having the ion trap integrated with the walls of the vacuum package allows for a greater degree of miniaturization while maintaining as large a volume of the trap as possible. The larger the trap volume, the larger the number of trapped ions and resulting signal. The ion trap is a radio frequency (RF) Paul trap in the linear quadrupole configuration. In this trap, an oscillating voltage applied to the RF electrodes (Figure 3(d) ) provides a time averaged radial confinement for the ions. Typical parameters are an RF amplitude of 225 V at a frequency of 5 MHz. The longitudinal confinement is provided by applying a DC voltage of 6 V to the end cap electrodes. Ions are loaded into the ion trap by ionizing the neutral Yb vapor emitted from the oven in the center of the trap. We have found that an efficient method for ionization is to use broadband UV light with a wavelength less than 450 nm. Although it is difficult to confirm, we believe that the Yb oven coats the trap electrodes and the walls of the package, and the UV light generates photoelectrons on the Yb coating. These electrons then ionize the neutral Yb vapor through electron impact ionization. With this ion trap vacuum package, we have demonstrated that we can trap ions and utilize them to make an atomic clock. The lifetime of the ions in the trap is roughly 5 hours. With this short lifetime the ions are continuously loaded from the Yb oven using a photoionization laser at 399 nm. The performance of the trapped ion clock using the 10 cm 3 package meets the end of project (Phase III) performance requirement of the DARPA IMPACT program out to 2,000 s averaging time (Figure 4) . Currently, the long-term stability of the atomic clock is limited by the magnetic field stability since the vacuum package is subject to the Earth's magnetic field. Magnetic shielding will improve the long-term stability. A major problem with this vacuum package is that scattered light at 369 nm overwhelms the fluorescence signal from the 369 nm transition. To overcome this, we instead measured the fluorescence from the decay of the D[3/2] 1/2 level. At 297 nm, this light is easily separated from scattered light at 369 nm and 935 nm using interference filters, such that the signal is 2 to 5 times higher than the background counts. One drawback of using this transition for detection is that signal is reduced by roughly a factor of 200 over the 369 nm fluorescence. In future package designs, efforts will be made to reduce the background scatter at 369 nm so that the larger signal at this wavelength can be used.
LASER AND OPTICAL SYSTEMS

369 nm Laser System
For the 369.5 nm laser, the ultimate goal is to generate 20 μW of single frequency light with a volume and power consumption of approximately 1 cm 3 and 10 mW respectively. To achieve these ambitious goals, we are developing a frequency doubled, vertical external cavity surface-emitting laser (VECSEL) operating at 739 nm (in contrast to the more common vertical cavity surface-emitting laser (VCSEL)). We plan to pursue the VECSEL as a means to both increase the output power by extracting power from a larger area of the semiconductor wafer and simultaneously narrow the linewidth due to a longer photon lifetime in the laser cavity. VCSELs in the 800-nm wavelength range typically reach threshold at drive levels below 2 mW of power, and they can readily achieve efficiencies above 30%. The challenge with the VECSEL is to retain the low threshold power consumption and relatively high conversion efficiency of a regular VCSEL, while maintaining operation in a single longitudinal, transverse, and polarization mode.
Although a 369 nm laser diode could be made using GaN-based semiconductor materials, similar to commercially available 405 nm laser diodes, the power consumption of currently available GaN-based diode lasers is too high to fit within the power budget available. The high efficiency of the VCSEL technology and our requirement of only 20 μW at 369 nm makes the frequency doubled VESCEL the best choice until a VCSEL directly at 369 nm becomes available. A low frequency-doubling conversion efficiency of 0.5% is adequate, given 4 mW of VECSEL power available at 739 nm. Still, achieving even 0.5% frequency doubling efficiency is not trivial with only 4 mW of fundamental-frequency power, since nonlinear conversion efficiencies scale with input power. The two most promising nonlinear crystals for frequency doubling to 369 nm are periodically poled lithium tantalate (PPLT) and periodically poled potassium titanyl phosphate (PPKTP). In order to achieve the required conversion efficiency, we plan to use a waveguide configuration that maintains high optical field intensity over a long interaction length within the nonlinear crystal ( Figure 5 ). Using waveguides presents another challenge because the size of the waveguide is roughly 4 μm on a side. In a miniaturized package, there is not space available for an adjustable mount so we will use active alignment techniques and then fix the components in place. As a first step toward VECSEL development, we have fabricated several VCSELs at 739 nm to optimize the metal-organic chemical-vapor deposition (MOCVD) growth process of the semiconductor materials for high conversion efficiency from electrons to photons and high power output ( Figure 6 ). The 739 nm wavelength presents a challenge because of its higher aluminum content, which can create defects in the materials. We employed 8-nm thick Al .16 Ga .84 As quantum wells to yield optical gain at 739 nm. The distributed Bragg reflectors (DBRs) are composed of Al .30 Ga .70 As and Al .92 Ga .08 As as the high and low-index layers, respectively, with compositional grades between them to minimize the series resistance of the DBRs. As shown by the emission spectrum in Figure 6 (d), a 3-μm-aperture is sufficiently small to obtain singletransverse-mode operation at 737 nm. We can achieve single mode operation up to 1.2 mW of output power, and later generations of development should achieve more output power. VECSEL development is underway and results will be reported in later publications. We are currently using a PPKTP waveguide chip made by AdvR for frequency conversion ( Figure 5(b) ). Ultimately, we require a conversion efficiency of 1.25 x 10 -3 mW -1 to convert from 4 mW at 739 nm to 20
nm
μW at 369 nm. The current waveguide chip achieves conversion efficiencies of approximately 0.25 x 10 -3 mW -1 , suggesting that further development of nonlinear devices will be required to meet out ultimate power goals. We are evaluating lithium tantalite as an option because it has lower absorption at 369 nm. Nevertheless, it seems clear that combining a low-power VCSEL at 739 nm with a nonlinear frequency doubling device is a viable path to produce the required fluorescence excitation light source at 369 nm.
935 nm VCSEL
For the 935 nm source, we are developing a VCSEL. Compared to 739 nm, 935 nm is a relatively easy wavelength for VCSEL technology. The composition of the VCSEL materials is In .13 Ga .87 As for the quantum wells and Al .16 Ga .84 As and Al .92 Ga .08 As for the high and low index DBR layers. Our most recent device delivers up to 1 mW of single mode power and tests in using the VCSEL to optically pump the ions have recently proven successful.
Fluorescence Detection System
There are two main challenges in the design of the detection system. First, the fluorescence from the ion cloud is weak and emitted isotropically over 4π steradians. It is important that this signal be maximized and design considerations such as the pumping geometry and the placement and size of the output window in the vacuum package are critically important. In addition, the choice of detector is severely limited by the UV wavelength. Silicon avalanche photo diodes (APD) have recently become available as viable detectors but have high dark count rates while the alternative is photomultiplier tubes (PMTs), but the miniaturization of the PMTs does not look promising. The inclusion of collection optics between the vacuum package and the detector can lead to further losses; however, the ability to image the ion cloud and spatially filter the image can help alleviate the second challenge (described subsequently).
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Imaged Ion Cloud Scattered Pump Figure 7 . Non-sequential raytrace showing the imaging of the ion cloud as well as the scattered pump light using our table top imaging system. While the pump appears to have very little power incident on the detector, the original pump power is orders-of-magnitude larger than the fluorescence signal. This figure represents a level of scatter that would mask the fluorescence.
The second challenge is that the fluorescence is the same wavelength as the pump. Therefore, as mentioned above, the signal can be lost in scattered light. The alternative fluorescence line at 297 nm can be used. Unfortunately, this signal is considerably lower than the desired 369 nm transition and necessitates the use of the PMT; thereby limiting the opportunities for miniaturization. Non-sequential raytrace analysis of the current lab based imaging system, see Figure 7 , has indicated that scatter from input windows and laser misalignment can lead to unacceptable scatter incident on the detector. An updated vacuum package design has attempted to alleviate some of these problems by providing larger windows for the input pump beam and the removal of a planar reflective surface directly across from the detection window (Figure 8(a) ). If the scattered light can be suppressed properly, the need for a highly spatially filtered image will be removed, and the solid state APD can be integrated with the vacuum package in a much more compact arrangement ( Figure  8(b) ). 
SUMMARY
The results presented here represent the first stages of component miniaturization of the micro ion frequency standard. Later stages of the project will see continued component development and the integration of the components to achieve the goals of the DARPA IMPACT program. An atomic clock that consumes 50 mW of power, has a size of 5 cm 3 , and has a long-term frequency stability of 10 -14 at one month would be a revolutionary advance in atomic clock technology opening up new applications in navigation, communication, and timing.
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